Abstract. Stiles-Crawford effect (SCE) is exclusively observed in cone photoreceptors, but why the SCE is absent in rod photoreceptors is still a mystery. In this study, we employed dynamic near infrared light imaging to monitor photoreceptor kinetics in freshly isolated frog and mouse retinas stimulated by oblique visible light flashes. It was observed that retinal rods could rapidly (onset: ∼10 ms for frog and 5 ms for mouse; time-to-peak: ∼200 ms for frog and 30 ms for mouse) shift toward the direction of the visible light, which might quickly compensate for the loss of luminous efficiency due to oblique illumination. In contrast, such directional movement was negligible in retinal cones. Moreover, transient rod phototropism could contribute to characteristic intrinsic optical signal (IOS). We anticipate that further study of the transient rod phototropism may not only provide insight into better understanding of the nature of vision but also promise an IOS biomarker for functional mapping of rod physiology at high resolution. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
The Stiles-Crawford effect (SCE) states that luminance efficiency is dependent on incident light direction relative to the eye axis. 1 It is well established that the retina is more sensitive to light entering the center of the pupil, i.e., parallel light relative to eye axis, than light passing through the periphery, i.e., oblique light illumination. The SCE is exclusively observed in cones, which can benefit good vision quality by suppressing intraocular stray light under photopic conditions. 2 In contrast, the SCE has not been detected in rods, which dominate scotopic vision. 2 In other words, the absorption efficiency of light by rods was not affected by the incident angle in early SCE studies which were performed with psychophysical methods. 2 The biophysical mechanisms underlying this rod/cone difference are not established. In this study, we conducted dynamic near infrared (NIR) light imaging to explore transient changes in rod and cone photoreceptors activated by oblique light stimuli. High-spatial (micrometers) and high-temporal (milliseconds) resolution NIR imaging revealed that 80% of rods could rapidly move toward the direction of oblique stimulus light while such directional movement was negligible in cones. Our experimental results suggest that transient phototropic adaptation may quickly compensate for the loss of luminous efficiency in rods activated by oblique stimulation, which can explain the absence of the SCE in the rod system. The observed transient phototropic adaptation of retinal rods not only provides insight into the nature of vision but also promises an intrinsic optical signal (IOS) biomarker. This would enable noninvasive, high-resolution assessment of rod function, which is known to be more vulnerable than cone function in aging and early age-related macular degeneration (AMD), 3, 4 the most common cause of severe vision loss and legal blindness in adults over 50. 3, 5 2 Materials and Methods
Retina Preparation
Animal handling was approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham. Both frog (Rana pipiens) and mouse (Mus musculus) retinas were used to demonstrate the transient phototropic adaptation in the retina.
Frog retinas were selected as primary specimens in this study for several reasons. First, the relatively large size of frog (compared to mouse or other mammalian) photoreceptors allows unambiguous observation of individual photoreceptors. Second, the diameter of frog rods (∼5 to 8 μm) is much larger than cones (∼1 to 3 μm), 6, 7 and thus, rod and cone photoreceptors can be easily separated based on their cellular diameters. Third, rod and cone numbers are roughly equal in frog retinas, 6, 7 and thus, unbiased analysis of rod and cone cells can be readily achieved. Preparation procedures of fresh living whole-mount frog retinas have been reported in previous publications. 8 Briefly, the frog was euthanized by rapid decapitation and double pithing. After enucleating the intact eye, we hemisected the globe below the equator with fine scissors. The lens and anterior structures were removed before the retina was separated from the retinal pigment epithelium.
Mouse retinas were used to verify the transient phototropic adaptation in mammalians. Five-month-old wild-type mice, which have been maintained for more than 20 generations from an original cross of C57Bl/6J to 129/SvEv, were used in this study. The rd1 allele that segregated in the 129/SvEv stock was removed by genetic crossing and verified as previously described. 9 Protocols for handling mouse samples were previously reported. 10 Briefly, after the eyeball was enucleated from anesthetized mice, the retina was isolated from the eyeball in Ames media and then transferred to a recording chamber. During the experiment, the sample was continuously superfused with oxygenated bicarbonate-buffered Ames medium, maintained at pH 7.4 and 33°C to 37°C.
Experimental Setup
The imaging system was based on a NIR digital microscope that has been previously used for functional imaging of living retinal tissues. 10 A fast digital camera (Neo sCMOS, Andor Technology, Belfast, UK) with pixel size 6 × 6 μm 2 was used for retinal imaging. A 20× water immersion objective with 0.5 NA was used for frog experiments. Therefore, the lateral resolution of the system was about 1 μm (0.61λ∕NA). For mouse experiments, we used a 40× water immersion objective with 0.75 NA which has the lateral resolution of 0.7 μm. The system consisted of two light sources: a NIR (800 to 1000 nm) light for retinal imaging and a visible (450 to 650 nm) light-emitting diode (LED) for retinal stimulation. The duration of the visible flash was 5 ms. Fig. 2(b) ].The levelset method 11 was used to identify the morphological edge of individual rods and cones. Then, the weight centroid was calculated dynamically, allowing accurate registration of the location of individual photoreceptors at nanometer resolution. The same strategy has been used in stochastic optical reconstruction microscopy 12 and photoactivated localization microscopy 13, 14 to achieve nanometer resolution to localize individual molecules with photoswitchable fluorescence probes. The three-sigma rule was used to set up a threshold to distinguish silent and active photoreceptors. 10 If the stimulus-evoked photoreceptor shifted above this threshold, then this photoreceptor was defined as active. Otherwise, it was defined as silent. Thus, the active ratio of the rods and cones could be obtained [ Fig. 2(c) ].
Computer Algorithm of Localized Retinal Movements
The activated photoreceptors were displaced due to light stimulations [Figs. 2(c), 2(d), and 3(b)]. In order to quantify the photoreceptor displacements, the normalized cross correlation (NCC) between the poststimulus and prestimulus images was calculated to estimate localized retinal movements. We assume that I ti ðx; yÞ was the image acquired at the time point of t i , where i ¼ 1; 2; 3; : : : was the image index and ðx; yÞ was the pixel position. We took the first image I t1 ðx; yÞ as the reference image. For the pixel at the position of ðx 0 ; y 0 Þ from the image I ti , there would be a horizontal shift H ti ðx 0 ; y 0 Þ (parallel to the x axis) and a vertical shift V ti ðx 0 ; y 0 Þ (parallel to the y axis) compared to the reference image. At the position of ðx 0 ; y 0 Þ from the image I ti , we took a subwindow W ti (m × m pixels):
where u ¼ 1; 2; 3; : : : ; m and v ¼ 1; 2; 3; : : : ; m. Here, we set m ¼ 13 (corresponding to 3.9 μm at the retina). This window is at the level of individual cells (cone: 5 to 8 μm and rod: 1 to 3 μm). We selected a corresponding subwindow of the reference image at the position of ðx 1 ; y 1 Þ:
Then the correlation coefficient could be calculated between two image matrices defined by Eqs. (1) and (2):
where W ti was the mean of the matrix W ti ðx 0 ; y 0 ; u; vÞ, and W t1 was the mean of the matrix W t1 ðx 1 ; y 1 ; u; vÞ.
We searched x 1 from x 0 − k to x 0 þ k, and y 1 from y 0 − k to y 0 þ k, where k was the searching size, set to be 3 (corresponding to 0.9 μm at the retina) here. Thus, we could find the position ðx 1 max ; y 1 max Þ, where the value of correlation coefficient defined by Eq. (3) was maximum. Therefore, the horizontal shift (parallel to x axis) and vertical shift (parallel to y axis) at the position ðx 0 ; y 0 Þ were obtained as: 
They could be rewritten as a complex number 
then the pixel ðx 0 ; y 0 Þ was displaced, thus defined as active. Therefore, the active pixel numbers could be plotted as a function of the time [ Fig. 3(f) ].
IOS Data Processing
In order to test the effect of the phototropic adaptation on the IOS pattern associated with circular stimulus, representative IOS images are illustrated in Fig. 3(c) , with a unit of ΔI∕I, where I is the background light intensity and ΔI reflects the light intensity change corresponding to retinal stimulation. Basic procedures of IOS data processing have been previously reported. In order to quantify transient phototropic changes in rod and cone systems, we calculated displacements of individual rods and cones (see Sec. 2). Figure 2(b) shows average displacements of 25 rods and cones randomly selected from the stimulus window. The displacement of rods occurred almost immediately (<10 ms) and reached a magnitude peak at ∼200 ms. The magnitude of rod displacement (average: 0.2 μm, with maximum up to 0.6 μm) was significantly larger than that of cone displacement (average: 0.048 μm, with maximum of 0.15 μm). In addition, as shown in Fig. 2(c) , the active ratio (see Sec. 2 for definition) of rods was 80% AE 4%, while 20% AE 4% of cones were activated. The observation indicated that the transient phototropic displacement was dominantly observed in rods.
In order to verify directional dependency of the phototropic adaptation, we used template matching with the NCC to compute nonuniform motion in the retina (see Sec. 2). 15 As shown in Video 2 and Fig. 2(d) , the stimulus-activated retina shifted to right, i.e., toward the direction of the 30-deg oblique stimulation. In order to confirm the reliability of the phototropic response, the incident angle of the stimulus was switched to −30 deg [ Fig. 1(a2) ], 5 min after the recording illustrated in Fig. 2(d) . Figure 2 (e) illustrates the transient movement corresponding to −30 deg stimulus at the same retinal area shown in Fig. 2(d) . It was observed that the stimulated retina shifted toward the left [ Fig. 2(e) ], i.e., in the opposite direction compared to Fig. 2(d) . Comparative recording of the 30 and −30 deg stimuli verified that transient photoreceptor movement was tightly dependent on the incident direction of the stimulus light.
Transient Phototropic Adaptation in Frog Retina Activated Oblique Stimulation by Circular (Transverse) Stimulation with a Gaussian (Axial) Profile
In addition to the aforementioned oblique stimulation, Fig. 3 shows transient photoreceptor displacements activated by a perpendicular circular stimulus with a Gaussian profile in the axial plane [ Fig. 1(b) ]. The circular aperture was conjugate to the focal plane of the imaging system. It is well known that cones taper toward the outer segment (OS) and are shorter than rods, 6 which implies that the OS pattern should have relatively larger extracellular space between photoreceptors when compared to the inner segment (IS) pattern. Therefore, when the tight mosaic pattern of photoreceptors [ Fig. 2(a) ] was clearly observed, the focal plane was around the photoreceptor IS. Hence, at the more distal position, i.e., the OS, the stimulus light was divergent and became oblique at the edge. However, at the central area, the stimulus light impinged the photoreceptor without directional dependence. Under this condition, only photoreceptors at the periphery of the stimulus pattern underwent displacement, which can be directly visualized in Video 3. Figures 3(b) and 3(d) not only confirmed this phenomenon but also revealed that peripheral photoreceptors shifted toward the center. The number of active pixels [see Eq. (7)] was plotted over time in Fig. 3(f) . The rapid displacement occurred almost immediately (< 10 ms) after the stimulus delivery, reached the magnitude peak at ∼200 ms, and recovered at ∼2 s. It was consistently observed that the stimulus-evoked displacement was rod dominant. Utilizing the same methods employed in Fig. 2(c) , rod and cone displacements were quantitatively calculated. Within the annular area in Fig. 3(d) , 25 rods and cones were randomly selected for quantitative comparison. 74%AE 6% of rods were activated, whereas 24% AE 5% of cones were activated at 200 ms after the onset of stimulus (six samples).
Correlation of Transient Phototropism and IOS in Frog Retina
We speculated that the transient phototropic changes may partially contribute to stimulus-evoked IOSs, which promised a noninvasive method for spatiotemporal mapping of retinal function. 8, 16 IOS images shown in Fig. 3(c) confirmed the effect of IOS enhancement at the edge of the circular stimulus. The edgeenhanced IOS response gradually degraded over time, which was consistent with the change of the photoreceptor displacement [ Fig. 3(b) ]. In addition, both positive and negative IOS signals, with high magnitude, were observed at the periphery of the stimulus pattern. In contrast, the IOS signal at the stimulus center [Zone 2, Fig. 3(e) ] was positive dominant, and the IOS Active Pixels (A. U.) magnitude was weaker than that observed at peripheral area [Zone 1, Fig. 3(e) ]. Moreover, time courses of IOS responses were different between Zone 1 and Zone 2 [ Fig. 3(g) ]. The central IOS curve [black curve in Fig. 3(g) ] more resembled the curve of the active pixel number [ Fig. 3(f) ], which suggested that transient phototropic change primarily contributes to the periphery IOSs.
Transient Phototropic Adaptation in Mouse Retina Activated by Oblique Stimulation
In order to verify the transient phototropic changes in mammalians, we have conducted a preliminary study of mouse retinas with oblique stimulation. Unlike large frog photoreceptors (rod: ∼5 to 8 μm, cone: ∼1 to 3 μm), mouse photoreceptors (1 to 2 μm for both rods and cones) are relatively small. 17, 18 Although individual mouse photoreceptors [ Fig. 4 Fig. 4(a) ], which could be unambiguously isolated from others. Figure 4 (b) shows temporal displacements of 10 mouse photoreceptors pointed out in Fig. 4(a) . These 10 photoreceptors shifted to the left [arrows in Fig. 4(b) ]. Figure 4(c) shows an average magnitude of photoreceptor displacements. As shown in Fig. 4(c) , the displacement occurred within 5 ms and reached the peak at 30 ms.
Discussion
In summary, high-spatial and temporal-resolution imaging revealed rod-dominant transient phototropic response in frog (Fig. 2) and mouse (Fig. 4) retinas under oblique stimuli. Such transient phototropic response could compensate for the loss of illumination efficiency under oblique stimulation in the rod system. Although the image resolution in Fig. 4(a) was not high enough to separate rods and cones reliably, we speculate that the observed displacement was rod dominated due to the established knowledge that rods account for ∼97% of total number of the photoreceptors in mouse retinas. 19 In contrast to rods, it can take a long time, at least tens of seconds or even days, for cone adaptation. 20 In other words, rapid (onset: ∼10 ms for frog and ∼5 ms for mouse; time-to-peak: ∼200 ms for frog and ∼20 ms for mouse) phototropic adaptation in retinal rods is too quick for the SCE to be detected by conventional psychophysical methods with the advanced involvement of brain perception. Gaussianshape stimulation further confirmed the transient rod displacement (Fig. 3) . In addition, the observed off-center and onsurround pattern [ Fig. 3(b) ] may imply early involvement of the photoreceptors in contrast enhancement. The edge enhancement was confirmed by the IOS maps [ Fig. 3(c) ]. In general, it is believed that the center-surround antagonism, which is valuable for contrast perception, is initiated by horizontal cells 21, 22 and/or amacrine cells. 23 However, our experimental results here suggest that the discrepancy of the incident angle between the surround and the center of the Gaussian illumination [ Fig. 1(b) ] can evoke directional displacement only at the surround [ Fig. 3(b) ]. Such an edge-enhanced pattern of photoreceptor activity may suggest an early involvement of the photoreceptors in contrast perception.
Moreover, the observed transient rod movement provides an IOS biomarker to allow early detection of eye diseases that can cause retinal dysfunction. Rod function has been well established to be more vulnerable than cones in aging and early AMD, 3, 4 which is the most common cause of severe vision loss and legal blindness in adults over 50. 3, 5 Structural biomarkers, such as drusen and pigmentary abnormalities in the macula, are important for retinal evaluation. Adaptive optics imaging of individual rods has been recently demonstrated. [24] [25] [26] However, the most commonly used tool for retinal imaging, the fundus examination, is not sufficient for a final retinal diagnosis. 27 In principle, physiological function is degraded in diseased cells before detectable abnormality of retinal morphology. Psychophysical methods [28] [29] [30] and electroretinography 31 measurements have been explored for functional assessment of the retina, but reliable identification of localized rod dysfunctions is still challenging due to limited resolution and sensitivity. The experimental results shown in Fig. 3 indicate that the transient phototropic changes can partially contribute to IOS recording, which has the potential to be developed into a superior noninvasive method for spatiotemporal mapping of retinal function. 8, 10 The different time courses of the IOSs at Zone 1 (periphery) and Zone 2 (center) suggest that the phototropic change of rod photoreceptors primarily contributes to the periphery IOS response. Multiple IOS origins, including neurotransmitter secretion, 32 refractive index change of neural tissues, 33 interactions between photoexcited rhodopsin and guanosine triphosphate (GTP)-binding protein, 34 disc shape change, 35 cell swelling, 36 etc., have been proposed. In order to investigate the biophysical mechanism of transient phototropic adaptation, we are currently pursuing optical coherence tomography of retinal photoreceptors to quantify the axial location of phototropic kinetics. Further investigations are also planned to quantify time courses of the transient phototropic adaptations in wild type and diseased mouse retinas. We anticipate that further investigation of the rod-dominant phototropic effect can provide a high-resolution methodology to achieve objective identification of rod dysfunction, thereby allowing early detection and easy treatment evaluation of eye diseases, such as AMD-associated photoreceptor degeneration.
